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microRNAs (miRNAs) are a class of small, non-
coding RNAs that regulate the stability or trans-
lation of mRNA transcripts. Although recent
work has implicated miRNAs in development
and in disease, the expression and function of
miRNAs in the adult mammalian nervous sys-
tem have not been extensively characterized.
Here, we examine the role of two brain-specific
miRNAs, miR-219 and miR-132, in modulating
the circadian clock located in the suprachias-
matic nucleus.miR-219 is a target of theCLOCK
and BMAL1 complex, exhibits robust circadian
rhythms of expression, and the in vivo knock-
down of miR-219 lengthens the circadian pe-
riod. miR-132 is induced by photic entrainment
cues via a MAPK/CREB-dependent mecha-
nism, modulates clock-gene expression, and
attenuates the entraining effects of light. Collec-
tively, these data reveal miRNAs as clock- and
light-regulatedgenesandprovideamechanistic
examination of their roles as effectors of pace-
maker activity and entrainment.
INTRODUCTION
An internal timekeeping mechanism—the ‘‘circadian’’
clock—has arisen in nearly all organisms that allows
them to adapt their physiological and behavioral process
to a cyclic 24 hr world (Reppert and Weaver, 2001). In
mammals, the suprachiasmatic nuclei (SCN) of the hypo-
thalamus function as the master circadian clock (Ralph
et al., 1990). As such, the SCN is able to drive endogenous
rhythms and can be entrained or reset by light and other
external cues.
At the molecular level, the SCN clock is derived from
interlocking positive and negative transcriptional feed-
back loops that drive rhythmic expression of critical clockcomponents. In the positive limb, heterodimers of the tran-
scription factors, CLOCK and BMAL1, induce transcription
of the period (Per1 and Per2) and cryptochrome (Cry1 and
Cry2) genes at the E box elements within their promoters
(Gekakis et al., 1998; Bunger et al., 2000). Negative feed-
back is achieved by the action of PER-CRY complexes,
which inhibit transcription mediated by CLOCK and
BMAL1 heterodimers. (Shearman et al., 2000). An ancillary
transcriptional loop consisting of the nuclear orphan re-
ceptor REV-ERBa feedback inhibits transcription of the
bmal1 gene by binding to an ROR element in the gene pro-
moter (Preitner et al., 2002). In addition to transcription,
posttranslational regulation plays a critical role in clock-
timing processes (Lowrey et al., 2000). Importantly, key
aspects of these feedback loops (period, amplitude, and
phase) can be modulated by changes in clock- and light-
controlled genes (ccg). For example, with respect tophase,
light-induced expression of the core clock genes per1 and
per2 has been implicated in clock entrainment (Albrecht
et al., 2001); with respect to clock-gene amplitude, the
clock-controlled, basic helix-loop-helix transcription fac-
tors DEC1 and DEC2 inhibit CLOCK- and BMAL1-medi-
ated transcription of the per1 gene via competitive binding
for the E box elements and direct protein-protein interac-
tions with BMAL1 (Honma et al., 2002). In addition, clock-
and light-controlled genes may indirectly affect timing
through the physiological effects (e.g., membrane excit-
ability, transmitter release, etc.) of their protein products
(Kraves and Weitz, 2006; Cheng et al., 2002). Another pos-
sible route by which clock timing and entrainment could
be affected is at the posttranscriptional level. Thus, micro-
RNAs (miRNAs) represent a potentially novel avenue by
which biological timing processes may be regulated.
miRNAs were first characterized in Canorhabditis ele-
gans and implicated in cell-fate specification (Lee et al.,
1993; Wightman et al., 1993), but many hundreds have
been identified since then across phyla. miRNAs are small,
evolutionarily conserved molecules that act as potent
silencers of gene expression via translational repression
or mRNA degradation. miRNAs can be transcribed from
discrete genes as larger precursors and processed inNeuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc. 813
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microRNAs and the SCN Clocktwo sequential steps to form the 19-24-nt mature miRNA
(He and Hannon, 2004). One strand of the mature miRNA
is incorporated into a RNA-induced silencing complex
(RISC), which is then targeted to mRNAs containing
recognition elements for that particular miRNA (He and
Hannon, 2004). It is conceivable that transcriptional
events involved in clock timing, be they rhythmic or
acutely activated by entraining stimuli, would induce ex-
pression of a miRNA subset, which in turn would regulate
the expression of proteins that underlie key aspects of the
timing process.
Here, we examined the potential involvement of miRNAs
in the SCN clock. With a combination of interrogation tech-
niques, we have identified and functionally characterized
two miRNAs (miR-219 and miR-132) within the context of
the SCN clock-timing process.
RESULTS
Identification of miR-219-1 and miR-132
as CLOCK- and CREB-Regulated Targets
As a starting point to examine miRNA expression in the
SCN, we utilized data from a genome-wide screening
technique to identify CREB-regulated miRNAs (Impey
et al., 2004). CREB was the initial focus because photic
stimulation has been shown to elicit robust CRE-depen-
dent gene expression in the SCN (Obrietan et al., 1999).
For these studies, we initially examined miR-132, a
CREB-regulated miRNA that is induced by neurotrophins
(Vo et al., 2005). First, we validated the CREB SACO re-
sults by using a combination of chromatin immunoprecip-
itation (ChIP) and real-time PCR (Figure 1A). The miR-132
enhancer region was selectively immunoprecipitated by
a CREB antibody but not IgG (Figure 1A). The abundance
of a bona fide CREB target, c-Fos, was analyzed as a pos-
itive control (Figure 1A). The CREB ChIP did not enrich for
a locus near the 18S ribosomal-RNA repeat or other
negative control regions (Figure 1A and data not shown).
Given the role of CREB as a light-inducible transcriptional
factor within the SCN, our data raised the possibility that
miR-132 expression might be activated by light.
To discover miRNAs that are regulated by the E box-
dependent core timing mechanism, we screened miRNAs
by using a CLOCK ChIP. Interestingly, the enhancer region
of miR-219-1 was significantly enriched in the CLOCK IP
fraction (Figure 1B), whereas that of miR-132 was not
(Figure 1B). The mperiod1 gene, a bona fide target of
CLOCK- and BMAL1-mediated transcription, was used as
the positive control, and 18S rRNA was used as the neg-
ative control (Figure 1B). Notably, the miR-219-1 enhancer
region was also enriched in the CREB antiserum IP frac-
tion (Figure 1A).
Sequence alignment of pre-miR-132 across multiple
species, including mouse, human, dog, zebrafish, and
puffer fish indicates that the mature miR-132 sequence
is highly conserved throughout evolution (Figure 1C and
data not shown). With respect to the miR-219-1 gene,
vertebrates possess multiple copies (Figure 1D), and814 Neuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc.sequence alignment of pre-miR-219 from varied species
shows a high degree of conservation (Figure 1D). Zebra-
fish in situ hybridization has shown that miR-219 is en-
riched in the brain (Wienholds et al., 2005). As predicted
by the ChIP assays, an E box motif (noncanonical) is found
in the promoter region of the miR-219-1 gene and two
consensus CRE motifs (Figure 1D, CRE1 and CRE2)
were also identified. These response elements are found
in mice, rats, humans, and dogs.
To determine whether the CLOCK and BMAL1 hetero-
dimer regulates miR-219-1 expression, we expressed
CLOCK and BMAL1 in PC12 cells and examined miR-
219-1 expression by semiquantitative reverse transcrip-
tion (RT)-PCR and real-time (RT) PCR approaches. Over-
expression of CLOCK and BMAL1 together resulted in a
significant increase in pre-miR-219-1 transcript levels as
determined by semiquantitative RT-PCR (Figure 1E) and
real-time PCR (Figure 1F), whereas expression of CLOCK
or BMAL1 singly had limited effect (Figures 1E and 1F).
Both pre-miR-132 and gapdh levels were largely unaf-
fected by CLOCK and BMAL1 coexpression (Figure 1E).
Next, we examined the role of CREB as a regulator of
miR-132 transcript. In primary cortical neurons, both for-
skolin (an adenylate cyclase agonist) and KCl depolariza-
tion induced expression of pre-miR-132 as assessed by
RT-PCR (Figure 1G). Expression of A-CREB, which blocks
CREB-mediated transcription, suppressed forskolin- and
KCl-induced pre-miR-132 expression (Figure 1G).
Circadian and Light-Inducible Expression
of miR-219 and miR-132
We then turned to miR-132 and miR-219 expression in the
murine brain. By using RT-PCR, we found that pre-miR-
219-1 exhibited a robust circadian rhythm of expression
in the SCN, with peak levels in the middle of the subjective
day (Figure 2A). Levels of pre-miR-132 within the SCN
were also rhythmic, albeit with a much dampened ampli-
tude, and peaked in the subjective day (Figure 2A). Rhyth-
mic expression of pre-miR-132 and -219-1 was not
observed in the cortex (Figure 2A). Moreover, two other
miRNAs, miR-16-1 and miR-128a, exhibited no significant
change in expression over a circadian cycle (Figure S1 in
the Supplemental Data available online), indicating that
the oscillations of miR-219 and -132 expression are unique
to these miRNAs and do not merely reflect an upstream
oscillation in the miRNA-processing machinery. To test
whether RT-PCR-based precursor quantitation reflected
the abundance of mature miRNAs (21- or 22-mers), we
monitored miR-219 and -132 levels by using ribonucleo-
protection assays (RPA). miR-219 levels in the SCN
were significantly higher during the subjective day than
during the subjective night, with the peak level observed
at CT 6 (Figure 2B). Likewise, miR-132 exhibited a modest
but significant rhythm, with the peak level occurring during
the subjective day (Figure 2B).
To examine whether the miR-219 and miR-132 rhythms
were driven by the SCN clock, we examined miRNA-
expression levels in crypotochrome (mCRY) 1/2-deficient
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microRNAs and the SCN ClockFigure 1. microRNA miR-132 and miR-219-1 Are Differentially Regulated by CREB and CLOCK
(A and B) Chromatin immunoprecipitation (ChIP) assay of PC12 cells with a (A) CREB or (B) CLOCK antibody. RNA abundance was determined
by real-time quantitative PCR. A nonspecific IgG was used as a negative control. In (A), the levels of immunoprecipitated (IP) DNA encompassing
the promoter regions of miR-132, miR-219-1, c-Fos, and an r18S control were quantitated (right), and data for miR-132 (left) and c-Fos (middle)
are presented as fluorescence intensity versus number of PCR cycles. In (B), the levels of IP promoter DNA of miR-132, miR-219-1, mPeriod1,
and an r18S control were determined (right), and data for miR-219-1 (left) and miR-132 (middle) are presented as fluorescence intensity versus
number of PCR cycles. Error bars denote SEM of quadruplicate determinations.
(C) Position of murine (mmu-)miR-132 gene on chromosome 11 (top). Alignment scores are indicated by black bars in the conservation track of
mouse, rat, human, dog, and opossum (top). Two consensus CREs (italicized in yellow boxes) are located in the 50 region of the miR-132 locus,
and base mismatches from mouse in rat, human, and dog are represented by lowercase letters. Sequence alignments of mouse, rat, human, and
dog (bottom) are shown.
(D) Position of murine (mmu-)miR-219-1 gene on chromosome 17 (top). Alignment scores are indicated in the conservation track (top). Two putative
CREs (CRE1 and CRE2; italicized in yellow boxes) and an E box motif (italicized in yellow box) are located in the 50 region of the miR-219-1 locus
(bottom). Mismatches from mouse are denoted by lowercase letters.
(E) Levels of pre-miR-219-1, but not of pre-miR-132 or gapdh, were elevated in PC12 cells cotransfected with expression constructs for CLOCK and
BMAL1, as determined by semiquantitative reverse transcription (RT)-PCR.
(F) Quantitative analysis of CLOCK- and BMAL1-dependent induction of pre-miR-219 in transfected PC12 cells as determined by real-time PCR. Data
are presented as mean ± SEM nanograms of cDNA.
(G) Dominant-negative CREB (A-CREB) suppresses miR-132 induction. Primary cortical neurons were transfected with the expression constructs for
A-CREB or GFP (negative control) and were stimulated with forskolin (10 mM) or KCl (20 mM), and the abundance of pre-miR-132 transcript was
determined by real-time PCR. Data are presented as mean ± SEM nanograms of cDNA.mice (Masuki et al., 2005). As a component of the core
clock-timing mechanism, genetic deletion of both mCry1
and mCry2 results in arrhythmic behavior and a loss of
core clock-gene expression (van der Horst et al., 1999;
Okamura et al., 1999). For these experiments, wild-type
and mCry1/mCry2 double-mutant mice were dark adap-
ted for 2 days, and SCN tissue was collected during the
middle of the subjective day (CT 6) and subjective night(CT 19). Quantitative RT-PCR revealed that neither pre-
miR-219-1 nor pre-miR-132 exhibited significant time-of-
day variations in expression (Figure 2C), indicating that
rhythmic expression of the two miRNAs is dependent on
the molecular clock.
We then addressed the light-inducible expression of
both miRNAs. A light pulse (15 min, 100 lux) in the early
(CT 15) and late (CT 22) subjective night significantlyNeuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc. 815
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microRNAs and the SCN ClockFigure 2. Circadian Expression of miR-
132 and miR-219 in the SCN
(A) Abundance of pre-miR-132 and pre-miR-
219-1 transcripts in pooled RNA samples of
SCN and piriform cortex (CTX) tissue as a func-
tion of circadian time (CT 2, 6, 11, 15, 19, and
22) was determined by semiquantitative RT-
PCR. Expression of gapdh served as the
sample control.
(B) Ribonuclease-protection assays (RPA) for
miR-219 (top) and miR-132 (bottom). Densito-
metric analysis of miR-219 (top) and miR-132
(bottom) is shown to the left. Mean values
were determined from three independent ex-
periments. miRNA levels were normalized to
5S rRNA and expressed as mean ± SEM fold
expression.
(C) Quantitative real-time PCR analysis of pre-
miR-219-1 (left) and pre-miR-132 (right) in the
SCN of wild-type and mcry1/cry2 double-
mutant mice at CT 6 and CT 19. Data were
normalized to gapdh levels and presented as
mean ± SEM fold expression.elevated pre-miR-132 expression within the SCN relative
to the dark control (Figure 3A). This effect was phase re-
stricted and tissue specific: A light pulse in the middle of
the subjective day (CT 6) did not induce pre-miR-132 ex-
pression in the SCN or in the cortex irrespective of circa-
dian phase (Figure 3A). In comparison, pre-miR-219-1
levels within the SCN were not affected by a light pulse de-
livered at any phase of the circadian cycle (Figure 3A). RPA
revealed that these changes in precursor transcript ex-
pression were reflected in the levels of the mature miRNA.
Namely, miR-132 levels in the SCN were elevated after
a light pulse delivered in the early and late subjective
night, whereas miR-219 levels were not light inducible
(Figure 3B).
The ERK/MAPK pathway is a key regulator of light-
induced clock entrainment and activates CREB/CRE-
dependent transcription (Obrietan et al., 1999; Butcher
et al., 2002). Given our data implicating CREB in inducible
miR-132 expression, we wanted to assess the involve-
ment of the ERK/MAPK pathway in light-induced expres-816 Neuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc.sion of miR-132. To this end, we gave mice ventricular
infusion of the MEK1/2 inhibitor, U0126, 30 min prior to
a brief light pulse (15 min, 100 lux) at CT 15. Pretreatment
of U0126 blocked the light-induced increase in pre-miR-
132 levels in the SCN (Figures 3C and 3D). Interestingly,
infusion of U0126 in the subjective day (CT 5) reduced
basal miR-132 levels 1 hr later (Figure 3D). In addition,
we examined the role of two other signaling pathways
that have been implicated in clock entrainment: the cal-
cium/calmodulin kinase (CaMK) and cGMP-dependent
protein kinase (PKG) pathways. Pretreatment with the
PKG-selective inhibitor, KT-5823, had no effect on the
light-induced increase in pre-miR-132 levels in the SCN
relative to vehicle-infused controls (Figure 3D). In contrast,
the CaMK inhibitor, KN-62, partially attenuated light-
inducible expression of pre-miR-132 in the SCN (Fig-
ure 3D). Together, our data reveal that miR-219-1 is a
clock-controlled gene and that the robust light-induced
activation of the CREB-regulated gene miR-132 requires
the ERK/MAPK cascade.
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microRNAs and the SCN ClockFigure 3. Light-Inducible Expression of miR-132 in the SCN
(A) Mice received a single light pulse (+; 15 min, 100 lux) at CT 6, 15, or 22 and were sacrificed 1 hr later. Abundance of pre-miR-132 and pre-miR-
219-1 transcripts in pooled RNA samples of SCN and piriform cortex (CTX) tissue was determined by RT-PCR. Mice that had not received a light pulse
() but were sacrificed at the same circadian time served as negative controls. Expression of gapdh served as the sample control.
(B) RPA analysis of mature miR-132 and miR-219 in the SCN 1 hr after light (+) treatment at CT 6, 15, or 22. Mice that had not received a light pulse ()
but were sacrificed at the same circadian time served as negative controls. Expression of 5S rRNA served as the sample control. Radiolabeled RNA
size markers (M; in nucleotides) are shown to the right. ‘‘P’’ denotes undigested probe.
(C) Mice were infused with the MEK inhibitor U0126 (10 mM, 3 ml) or vehicle 30 min prior to a single light flash (LF: 15 min, 100 lux). Mice were sacrificed
1 hr later, and the abundance of pre-miR-132 and gapdh transcripts in the SCN were determined by RT-PCR.
(D) Animals were infused with U0126 (10 mM), KN-62 (10 mM), or KT-5823 (1 mM), and the effects on basal (dark) and light- (LF: 15 min, 100 lux)
induced pre-miR-132 expression were analyzed via real-time quantitative PCR. Data were normalized to gapdh levels and presented as mean ±
SEM fold expression. Mean values were determined from three independent experiments.miR-219 Regulates Circadian Period Length and
miR-132 Modulates Light-Induced Clock Resetting
Next, we addressed the functional roles of miR-219 and
miR-132 in the SCN by using behavioral rhythms (i.e.,
wheel-running activity) as a readout. To this end, we
used cholesterol-modified oligoribonucleotides comple-
mentary to miRNAs (antagomirs) to repress miRNA levels.
Previous studies have shown that intravenous antagomir
administration potently reduces miRNA expression in all
tissues, except the brain (Krutzfeldt et al., 2005), suggest-
ing that antagomirs cannot pass the blood-brain barrier.
To circumvent this issue, we utilized an intraventricular in-
fusion approach that directly delivered antagomirs to the
cerebral spinal fluid (CSF). From the CSF, we predicted
that the antagomir would penetrate periventricular brain
regions, including the SCN. Mice were infused with the
miR-219 antagomir at CT 2 after 8–10 days of free-running
in constant darkness (DD). CT 2 was selected as the time
of infusion because it precedes peak expression of miR-
219. On the basis of RPA analysis, infusion of the miR-
219 antagomir strongly suppressed expression of endog-
enous miR-219 in the SCN for up to 2 weeks (Figure 4H
and Figure S2A). Vehicle infusion at CT 2 resulted in a mod-est period shortening after treatment (0.18 ± 0.03 hr:
Figure S2B and Figure 4G). Period (tau) shortening proba-
bly resulted from experimental handling and infusion.
Infusion of a negative-control antagomir, a scrambled se-
quence of miR-219 antagomir that is not complementary
to any known murine miRNA, likewise produced a period
shortening; however, the effect was comparable to that
of vehicle infusion (0.17 ± 0.03 hr, p > 0.05 versus vehi-
cle: Figures 4A and 4G). Hence, the scrambled antagomir
per se had no effect on period length. Moreover, the
change in period length as a result of infusion of miR-132
antagomir was not statistically different from infusion of
drug vehicle (0.12 ± 0.01 hr, p > 0.05 versus vehicle: Fig-
ures 4B and 4G). In contrast, mice infused with the miR-
219 antagomir displayed a period change of a similar
magnitude but in the opposite direction: The lengthening
of period was statistically different from the period change
produced by vehicle or scrambled antagomir (+0.15 ±
0.05 hr, p < 0.01 versus vehicle and control antagomir: Fig-
ures 4C and 4G). In some respects, this increase in period
understates the impact of miR-219 inhibition in vivo: It
counters the period-shortening effects of experimental
handling and elicits a further increase. The tau of individualNeuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc. 817
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microRNAs and the SCN ClockFigure 4. miR-219 Regulates Circadian Period Length
(A–C) Representative actograms of wheel-running activity of C57Bl/6J mice that had received an infusion (40 mM, 3 ml) of (A) a negative control
antagomir (scrambled), (B) miR-132 antagomir, or (C) miR-219 antagomir at CT 2. Periods of darkness are shaded in gray. Activity onsets are indi-
cated by blue and red lines. Red asterisks denote infusion. The x axis (top) indicates the Zeitgeber (ZT) time over a 24 hr cycle. The y axis (left) indicates
the nth day of the experiment.
(D–F) Graphical representation of the period length (tau) of individual animals that were infused with (D) the negative control antagomir (scrambled), (E)
miR-132 antagomir, or (F) miR-219 antagomir before (Pre) and after (Post) the infusion.
(G) Quantitation of the effects of miR-219 antagomir on period length under free-running conditions. Values are presented as the mean difference ±
SEM between postinfusion and preinfusion tau values (in hr). n = 8–10 per group. *p < 0.01 (two-tailed Student’s t test).
(H) Knockdown of miR-219 expression. miR-219 antagomir (40 mM, 3 ml) or vehicle were infused into the lateral ventricle at CT 2, and SCN tissue was
subsequently harvested at CT 10. Abundance of mature miR-219 was determined by RPA. Abundance of 5S rRNA was used as the sample control.animals is plotted before and after infusion (Figure 4D:
scrambled, Figure 4E: 132 antagomir, and Figure 4F:
219 antagomir). Of note is the observation that every ani-
mal infused with miR-219 antagomir exhibited tau length-
ening, and in two of the mice, tau lengthened by >0.3 hr.
These results implicate miR-219 as a regulator of circa-
dian period length.
To examine the potential role of miR-132 in photic en-
trainment of the clock, we tested the phase-delaying ef-
fects of early night light after miR-132 knockdown. Initially,
mice infused with antagomir vehicle 1 hr prior to a brief
light pulse (15 min, 20 lux) at CT 15 exhibited a mean
phase delay of 55 ± 9.7 min (Figure S2C and Figure 5D).
Control antagomir (scrambled) infusion had no effect on818 Neuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc.light-induced phase delays (65 ± 8.4 min, p > 0.05 versus
vehicle; Figures 5A and 5D). Similarly, mice infused with
the miR-219 antagomir showed phase shifts that were
comparable to those of vehicle-infused controls (45 ±
9.8 min, p > 0.05 versus vehicle; Figures 5C and 5D). In
contrast, light-induced phase shifting was greatly potenti-
ated (by nearly 2-fold) in mice that received an infusion of
the miR-132 antagomir (116 ± 11.5 min, p < 0.01 versus
vehicle and control antagomir: Figures 5B and 5D). RPA
analyses revealed that preinfusion of the miR-132 antago-
mir abolished light-induced expression of miR-132 in the
SCN (Figure 5E). Thus, our data indicate that light-induced
miR-132 functions as a negative regulator of photic clock
resetting.
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microRNAs and the SCN ClockFigure 5. miR-132 Negatively Modulates Light-Induced Clock Resetting
(A–C) Representative actograms of wheel-running activity of C57Bl/6J mice that received an infusion (40 mM, 3 ml) of (A) a negative control antagomir
(scrambled), (B) miR-132 antagomir, or (C) miR-219 antagomir at CT 14. All subjects received a single light pulse (15 min, 20 lux) at CT 15. Periods of
darkness are shaded in gray. Activity onsets are indicated by blue lines. Red asterisks denote light pulse. The x axis (top) indicates the Zeitgeber (ZT)
time over a 24 hr cycle. The y axis (left) indicates the nth day of the experiment.
(D) Quantitation of the effects of miR-132 antagomir on CT 15 light-induced phase shifts. Values are presented as mean ± SEM phase shift (in min).
n = 8–12 per group. *p < 0.01 (two-tailed Student’s t test).
(E) Knockdown of miR-132 expression. miR-132 antagomir (40 mM, 3 ml) was infused into the lateral ventricle at CT 14, and a brief light pulse (100 lux,
15 min) was administered at CT 15. SCN tissue was subsequently harvested at CT 17. Control subjects were infused with vehicle or did not receive
a light treatment. Abundance of mature miR-132 was determined by RPA. Abundance of 5S rRNA was used as the sample control.As a test of both miRNA functionality and antagomir ef-
ficacy in the SCN, we analyzed the expression of a bona
fide miR-132 target, p250GAP. Expression of p250GAP
has been shown previously to be decreased by miR-132
under in vitro conditions (Vo et al., 2005). Consistent with
a light-induced upregulation of miR-132, we observed a
suppression of p250GAP protein levels in the SCN 12 hr
after a light pulse at CT 15 (100 lux, 15 min: Figures S2D
and S2E). Importantly, infusion of the miR-132 antagomir
blocked light-dependent down-regulation of p250GAP
(Figures S2D and S2E).
miR-219 and miR-132 Alter Cellular Excitability
and Regulate Protein Expression of SCOP
and RFX4, Respectively
As a starting point to address the mechanisms underlying
their effects on clock timing, we compiled a list of potential
targets of miR-132 and miR-219 (Tables 1 and 2) by using
three computational target prediction algorithms: Target-
Scan (www.targetscan.org), miRanda (www.microrna.
org), and miRBase (www.microrna.sanger.ac.uk). Nota-
bly, several ion channels contained a miR-132 or miR-219
recognition sequence within the 30-UTRs of their tran-
scripts. Together with the recent work indicating that the
clock is influenced by changes in cellular excitability (Nita-
bach et al., 2005), we speculated that miR-219 or miR-132, or both, may influence the clock via alterations in cel-
lular excitability. To address this question, we transfected
cultured cortical neurons with expression vectors for miR-
219 or miR-132 and examined the effects on depolariza-
tion- and glutamate receptor-evoked Ca2+ responses.
Relative to untransfected neurons, miR-132 significantly
potentiated the responsiveness to K+ (20 mM), glutamate
(20 mM), and NMDA (20 mM) administration (Figures 6A
and 6B). Interestingly, miR-219 triggered a modest but sig-
nificant attenuation of evoked responsiveness (Figure 6B).
In contrast, neither miR-1 nor empty vector control signif-
icantly affected Ca2+ responsiveness relative to untrans-
fected neurons (Figure 6B). Collectively, these data reveal
that both light-responsive miR-132 and clock-regulated
miR-219 influence cellular excitability.
For a number of putative miR-132 or -219 targets (Tables
1 and 2), the corresponding transcripts have been shown
to be rhythmically expressed or light-inducible in the SCN
(Shimizu et al., 1999; Panda et al., 2002; Ueda et al., 2002;
Araki et al., 2006). Interestingly, a putative miR-132 target
is regulatory factor X4 (RFX4), a member of the winged
subfamily of helix-turn-helix transcription factors, that is
highly expressed in the SCN; moreover, RFX4 transcript
levels are rapidly induced in the SCN after nocturnal light
exposure (Araki et al., 2004). SCOP, a potential target
of miR-219, is a member of the leucine-rich repeatNeuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc. 819
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Accession
Number Gene Symbol Description Databasea
Rhythmic (R)b/
Light-Induced (L)c/
Cell Excitability (E)
NM_007767 Pcdha6 protocadherin alpha 6 T R (P)
NM_008258 Hn1 hematological and neurological expressed sequence 1 M, T R (P)
NM_010474 Hs3st1 heparan sulfate (glucosamine) 3-O-sulfotransferase 1 T R (P)
NM_008770 Cldn11 claudin 11 T R (P)
NM_025356 Ube2d3 ubiquitin-conjugating enzyme E2D3 T R (P)
NM_016916 Blcap bladder-cancer-associated protein homolog (human) M R (P, U)
NM_016748 Ctps cytidine 50-triphosphate synthase S R (P)
NM_009444 Tgoln2 trans-golgi network protein 2 T R (P)
NM_007604 Capza2 Capping protein alpha 2 S R (P)
NM_007508 Atp6vla ATPase, H+ transporting, lysosomal (vacular proton
pump), alpha 70 kDa, isoform 1
T R (P)
NM_009481 Usp9x ubiquitin specific peptidase 9, X chromosome M, T R (P)
NM_015791 Fbxo8 f-box only protein 8 T R (P)
NM_011361 Sgk serum/glucocorticoid regulated kinase M, S R (P, U)
NM_011334 Clcn4 chloride channel 4 T R (P)
NM_008211 H3f3b H3 histone, family 3B T R (P, U)
NM_021510 Hnrph1 heterogeneous nuclear ribonucleoprotein H1 T R (P)
NM_011908 Ubl3 ubiquitin-like 3 T R (P)
NM_016690 Hnrpdl heterogeneous nuclear ribonucleoprotein D-like T R (P)
NM_015781 Nap1l1 nucleosome assembly protein 1-like 1 T R (P)
NM_019912 Ube2d2 ubiquitin-conjugating enzyme E2D2 T R (P)
NM_007761 Crcp calcitonin gene-related peptide-receptor component
protein
S R (P)
NM_025570 Mrpl20 mitochondrial ribosomal protein L20 T R (P)
NM_009215 Sst somatostatin S R (P)
NM_008186 Gtf2h1 general transcription factor IIH, polypeptide 1
(62 kD subunit)
S R (P)
NM_013795 Atp5l ATP synthase, H+ transporting, mitochondrial F0
complex, subunit g
M R (P)
NM_008556 Pea15 phosphoprotein enriched in astrocytes 15 T R (P)
NM_027324 Sfxn1 sideroflexin 1 T R (P)
U12142 NR1D2 Rev-ErbA beta T R (U)
NM_010518 Igfbp5 insulin-like growth factor binding protein 5 T R (U)
NM_017373 E4BP4(Nfil3) E4BP4 (nuclear factor, interleukin 3, regulated) S R (U)
NM_017379 Tuba8 tubulin alpha 8 T R (U)
NM_080554 Psmd5 proteasome (prosome, macropain) 26S subunit,
non-ATPase, 5
T R (U)
NM_008863 Pkibeta protein kinase inhibitor beta, cAMP dependent,
testis specific
T R (U)
NM_021704 cxcl12 stromal-cell-derived factor 1 T R (U)
NM_009758 Bmpr1a bone morphogenetic protein receptor, type 1A T R (U)820 Neuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc.
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Accession
Number Gene Symbol Description Databasea
Rhythmic (R)b/
Light-Induced (L)c/
Cell Excitability (E)
L16992 Bckdhb branched chain ketoacid dehydrogenase E1, beta
polypeptide
S, T R (U)
BC006865 pdia6 protein disulfide isomerase associated 6 S R (U)
NM_007570 btg2 B cell translocation gene 2, anti-proliferative M, T L
NM_001045913 rrad ras-related associated with diabetes S L
NM_013613 nr4a2 nuclear receptor subfamily 4, group A, member 2 M, T L
AB086957 rfx4 brain-specific regulatory factor X 4 M Ld
NM_008036 fosB FBJ osteosarcoma oncogene B M L
NM_008425 KCNJ2 inward rectifier potassium channel subfamily j,
member 2
M E
NM_010603 KCNJ12 ATP sensitive Inward rectifier potassium channel
subfamily j, member 12
M, T E
NM_008432 KCNK5 potassium channel, subfamily K, member 5 S E
NM_080465 KCNN2 potassium intermediate/small conductance calcium-
activated channel, subfamily N, member 2
S E
NM_009899 CLCA1 chloride channel calcium activated 1 S E
a The following abbreviations are used: M, miRanda; S, miRBase (Sanger); and T, TargetScan.
b References for the microarray analysis of rhythmic genes in the SCN are as follows: P = Panda et al. (2002); U = Ueda et al. (2002).
c Microarray analysis of light-inducible genes in the SCN (Araki et al., 2006).
d From Araki et al. (2004).(LRR)-containing protein family, and its expression in the
SCN is rhythmic, peaking in the subjective night (Shimizu
et al., 1999). Given the light-inducible nature of both miR-
132 and RFX4 and the complementary circadian-expres-
sion profiles of miR-219 and SCOP, we hypothesized
that RFX4 and SCOP may be physiologically relevant tar-
gets of miR-132 and miR-219, respectively.
We used an in vitro-overexpression-based approach as
a starting point for miRNA-target validation. N-terminally
tagged FLAG-RFX4 and SCOP expression constructs,
containing the entire 30-untranslated region (30-UTR) of
the respective transcript and, therefore, the miRNA-target
recognition sequence, were transfected into HEK293
cells. Cells were cotransfected with expression vectors
for miR-132, miR-219, or miR-1. Expression of miR-132
significantly reduced RFX4 protein abundance relative to
miR-1 or miR-219 (Figures 6C and 6D). Likewise, cultures
cotransfected with miR-219 showed significantly lower
levels of SCOP protein compared with those expressing
miR-1 or miR-132 (Figures 6C and 6D). Thus, our data in-
dicate the RFX4 and SCOP are in vitro targets of miR-132
and miR-219, respectively, suggesting the possibility that
they may also be in vivo targets of these two miRNAs
within the SCN.
miR-219 and miR-132 Influence the Core Clock
To move from cell physiology to potential involvement of
miR-132 or miR-219 in core clock-timing mechanisms,we used an in vitro reporter system to examine their effects
on CLOCK- and BMAL1-dependent Per1 transactivation.
In HEK293 cells, overexpression of CLOCK and BMAL1 to-
gether resulted in a 2.3-fold increase in Per1-driven lucifer-
ase reporter activity (Figure 7A). Coexpression of miR-219
or miR-132 augmented Per1-luciferase activity by 40%
and 37%, respectively, relative to CLOCK- and BMAL1-
expressing cells (Figure 7A). This effect was specific to
miR-219 and miR-132; overexpression of miR-1 did not
alter CLOCK- and BMAL1-dependent transcription (Fig-
ure 7A). Interestingly, expression of miR-219 or miR-132
alone (in the absence of heterologous CLOCK and BMAL1)
produced a small, but significant, increase in Per1-lucifer-
ase activity. These combined effects of CLOCK and
BMAL1 and miR-219 or miR-132 were greater than the
additive effects of CLOCK and BMAL1 and the miRNAs
when administered alone, suggesting that miR-219 and
miR-132 are positive modulators of CLOCK- and BMAL1-
dependent Per1 transcription.
In addition, we examined the effects of miR-219 or miR-
132 on basal and inducible Per1 transcription in primary
neurons. Under basal conditions, overexpression of miR-
219 or miR-132 resulted in a 2.4- and 2-fold enhancement,
respectively, of Per1-driven luciferase activity (Figure 7B).
A similar level of reporter expression was attained in empty
vector-transfected controls after costimulation with for-
skolin (5mM) and KCl (25 mM: 1.9-fold increase; Figure 7B).
Interestingly, the effects of costimulation with forskolin andNeuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc. 821
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Accession
Number Gene Symbol Description Databasea
Rhythmic (R)b/
Light-Induced (L)c/
Cell Excitability (E)
M96163 Snk serum-inducible kinase M R (U), L
NM_013842 Xbp1 X box-binding protein 1 S R (U)
NM_007454 Ap1b1 adaptor protein complex AP-1, beta 1 subunit M, S R (U)
AK014338 Armet arginine-rich, mutated in early stage tumors S R (U)
BC009654 P4ha1 procollagen-proline, 2-oxoglutarate 4-dioxygenase
(proline 4-hydroxylase), alpha 1 polypeptide
S R (U)
NM_009026 Dexras1
(Ags1,Rasd1)
RAS, dexamethasone-induced 1 S R (P,U)
NM_008832 Phka1 phosphorylase kinase alpha 1 T R (U)
NM_007489 Bmal1(Arntl) brain and muscle Ah receptor nuclear translocator-like
protein 1 (Aryl hydrocarbon receptor nuclear
translocator-like)
S R (P, U)
NM_013559 hsp110 heat-shock protein, 105 kDa S R (U)
NM_009758 Bmpr1a bone morphogenetic protein receptor, type 1A T R (U)
L16992 Bckdhb branched chain ketoacid dehydrogenase E1, beta
polypeptide
T R (U)
BC006865 pdia6 protein disulfide isomerase associated 6 S R (U)
NM_011738 Ywhah tyrosine 3-monooxygenase/tryptophase 5-
monooxygenase activation protein, eta polypeptide
T R (P)
NM_009863 Cdc7 cell-division cycle 71 homolog S R (P)
NM_020593 Fbxo3 f box only protein 3 M,T R (P)
NM_021516 MARK3 MAP/microtubule affinity-regulating kinase 3 S R (P)
NM_012055 Asns asparagine synthetase T R (P)
NM_013699 Ubp1 upstream binding protein 1 T R (P)
NM_026139 Armcx2 armadillo repeat containing, X-linked 2 S R (P)
NM_031375 Ngrn neugrin S, T R (P)
NM_007830 Dbi diazepam binding inhibitor T R (P)
BC010270 Bsg basigin S R (P)
NM_011406 Slc8a1 solute carrier family 8 (sodium/calcium exchanger),
member 1
T R (P)
NM_023464 Ssna1 Sjogren’s syndrome nuclear autoantigen 1 S R (P)
NM_027324 Sfxn1 sideroflexin 1 T R (P)
NM_010637 klf4 kruppel-like factor 4 S L
NM_018781 egr3 early growth response 3 M, T L
BC059254 phlpp (scop) PH domain and leucine rich repeat protein phosphatase T Rd
NM_001031811 KCNH8 potassium voltage-gated channel, subfamily H, member 8 M, T E
NM_021544 SCN5A sodium channel, voltage-gated, type V, alpha T E
NM_009899 CLCA1 chloride channel calcium activated 1 S E
NM_011695 VDAC2 voltage-dependent anion channel 2 S E
a The following abbreviations are used: M, miRanda; S, miRBase (Sanger); and T, TargetScan.
b References for the microarray analysis of rhythmic genes in the SCN are as follows: P = Panda et al. (2002); U = Ueda et al. (2002).
c Microarray analysis of light-inducible genes in the SCN: Araki et al. (2006).
d From Shimizu et al. (1999).822 Neuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc.
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microRNAs and the SCN ClockFigure 6. miRNA-Specific Regulation of Cell Excitability and Target-Protein Abundance
(A) Cultured cortical neurons were transfected with expression constructs for pre-miR-132, pre-miR-219 (not shown), or pre-miR-1 (not shown), along
with a DsRed.T3-NLS-PEST expression plasmid as a transfection marker (transfection ratio 3:1 of pre-miR construct: DsRed). Negative controls were
cultures transfected with empty vector (pcDNA3.1), and adjacent untransfected neurons (DsRed-negative); internal Ca2+ levels were monitored with
time-lapse digital microscopy of Fluo-4. Representative data from Fluo-4-loaded untransfected (green) and transfected (red) neurons stimulated with
K+ (20 mM), glutamate (20 mM) and NMDA (20 mM) are shown.
(B) Peak ± SEM Ca2+ responses of untransfected and transfected neurons. Data for each experiment were normalized to the peak response of
untransfected neurons, and this response was set equal to a value of 1. *p < 0.01.
(C) HEK 293 cells were transfected with expression constructs for SCOP or FLAG-RFX4, along with pre-miR-132, pre-miR-219, or pre-miR-1 and
DsRed.T3-NLS-PEST (transfection ratio 2:6:1 of target: pre-miR construct: DsRed). Forty-eight hours after transfection, cells were fixed and immu-
nolabeled for SCOP or FLAG-RFX4. Representative panels show target expression when transfected with each pre-miRNA. Note the reduced
expression of SCOP when cotransfected with pre-miR-219 and the reduced expression of FLAG-RFX4 when cotransfected with pre-miR-132.
(D) Mean immunolabeling intensity for SCOP and FLAG-RFX4 under the three cotransfection conditions. The y axis denotes fluorescent intensity units
(0–4096 scale). Values are presented as mean ± SEM. n = 200–250 cells per group. *p < 0.05 (two-tailed Student’s t test).KCl were augmented by miR-219 or miR-132. For exam-
ple, stimulation with forskolin and KCl in the presence of
miR-219 triggered an4.5-fold increase in per1-luciferase
expression (Figure 7B). Importantly, these effects were
miRNA specific; miR-1 overexpression did not significantly
alter per1-luciferase expression or augment the effects of
forskolin and KCl (Figure 7B). Together, these data provide
a route by which miR-219 and miR-132 can modulate the
clock-timing process.
Thus far, our data indicate that light-induced miR-132
expression acts to feedback inhibit the magnitude of pho-
tic resetting in vivo and that ectopic expression of miR-132 stimulates Per1-gene transcription in vitro. To directly
assess the role of miR-132 inper1-gene expression in vivo,
we generated a strain of reporter mice that expresses
the fluorescent protein Venus under the control of the
per1-gene promoter. The enhanced YFP-derivative Venus
was selected as a reporter of per1 transcription because
of its superior fluorescent intensity compared with GFP
or YFP and its enhanced maturation rate compared with
YFP (Nagai et al., 2002). To further increase fluorescent
density and to ensure rapid protein turnover, we cloned a
nuclear localization sequence (NLS) and a PEST destabi-
lization domain in frame to the coding sequence of VenusNeuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc. 823
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(A) Effect of miR-132 and miR-219 on CLOCK- and BMAL1-mediated Per1 transactivation. HEK293T cells were transfected with a Per1-luciferase-
reporter construct, in combination with the following: CLOCK and BMAL1 expression plasmids and constructs encoding pre-miR-132, pre-miR-219,
or pre-miR-1. Cells were lysed 48 hr after transfection and assayed for luciferase activity. The y axis denotes fold difference in luciferase activity
relative to control samples transfected with the Per1-luciferase construct alone. Experiments were performed four times, and representative data
are presented as the mean ± SEM of quadruplicate determinations.
(B) Effect of miR-132 and miR-219 expression on Per1 transactivation in primary neurons under basal and stimulated conditions. Primary rat embry-
onic neurons were transfected with a Per1-luciferase-reporter construct in combination with the expression vector for pre-miR-132, pre-miR-219, or
pre-miR-1. Forty-eight hr after transfection, neurons were stimulated with 25 mM KCl and 5 mM forskolin, and cell lysates were prepared 6 hr later. The
y axis denotes fold difference in luciferase activity relative to control samples transfected with the Per1-luciferase construct alone. Experiments were
performed four times, and representative data are presented as the mean ± SEM of quadruplicate determinations.
(C) Generation of Per1-Venus BAC transgenic mice. The Venus-NLS-PEST-polyA cassette was inserted into the per1 locus on a 161 kb bacterial
artificial chromosome (BAC) by homologous recombination. The BAC clone contains the full intergenic sequences of mPer1 and its flanking genes,
including the 50 promoter region.
(D) The effect of miR-132 knockdown on light-induced Venus expression in the SCN of Per1-Venus BAC transgenic mice. miR-132 antagomir (40 mM,
3 ml) or drug vehicle (saline) were infused into the lateral ventricles of Per1-Venus BAC mice at CT 14, and a brief light pulse was administered at CT 15.
Tissue was harvested at CT 19 for analysis of Venus expression by immunofluorescence. Dark control animals were not exposed to light but were
sacrificed at the same circadian time.
(E) Quantitation of light-induced Venus expression as a function of miR-132 abundance. Values are presented as mean ± SEM. n = 3–8 mice per
group. *p < 0.05 (two-tailed Student’s t test).
(F) Immunohistochemical analysis of PER2-protein abundance in the SCN as a function of circadian time.
(G) In a separate experiment, mice were infused with miR-132 antagomir (40 mM, 3 ml) or vehicle at CT 14 and exposed to light (100 lux, 15 min) at CT 15
(right). SCN tissue was harvested 29 hr later and immunostained for PER2. Quantitation of PER2 immunoreactivity in the SCN of miR-132 antagomir-
or vehicle-infused mice (left) is shown. Values are presented as mean ± SEM. n = 8–10 per group. *p < 0.05 (two-tailed Student’s t test).(Figure 7C). Three of the transgene lines exhibited robust
light-induced expression, as well as a circadian-expres-
sion profile that mirrors that of mPer1 (data not shown).
To determine the effect of miR-132 on light-induced
per1 transactivation, we infused Per1-Venus transgenic
mice with the miR-132 antagomir prior to a brief light pulse
(100 lux, 15 min) at CT 15. Four hours after light stimula-
tion, Venus fluorescence was strongly upregulated in the
SCN of vehicle-infused mice relative to dark controls (Fig-
ures 7D and 7E). In contrast, pretreatment with miR-132
antagomir significantly attenuated light-induced Venus
fluorescence by50% relative to vehicle controls (Figures
7D and 7E). Infusion of miR-132 antagomir had no effect
on basal expression of Venus at CT 19 (Figures 7D and824 Neuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc.7E). These data indicate that miR-132 positively modu-
lates light-induced per1 transactivation in vivo.
The transcriptional events underlying photic resetting
are unclear. However, recent evidence suggests that
light-induced PER1 influences the magnitude of the phase
shift by triggering PER2-protein degradation or enhancing
PER2-protein synthesis, or both (Masubuchi et al., 2005).
Not only do mPer1-deficient mice exhibit larger phase de-
lays of behavior rhythms after a 12-hr extension of the light
cycle, but also light-induced mPER2-protein expression
is greater in the SCN of mPer1/ mice compared with
wild-type controls during both the interval of prolonged
light exposure as well as throughout much of the subse-
quent circadian cycle (Masubuchi et al., 2005). In addition
Neuron
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mPER2 expression between wild-type and mPer1/
mice in the second cycle. These observations, coupled
with our data showing that miR-132 regulates period1
expression and clock entrainment, led us to examine the
potential effects of miR-132 on PER2 accumulation. As a
starting point, we mapped PER2-protein expression in
the SCN as a function of circadian time. As previously
reported, PER2-protein levels reach a peak in the early
subjective night (CT 14 and CT 17), with a distribution pat-
tern that demarcates the dorsomedial SCN (Figure 7F).
PER2-protein abundance was low in the late subjective
night (CT 23) and early to middle of the subjective day
(CT 2 and CT 5; Figure 7F). We then infused mice with ei-
ther miR-132 antagomir or drug vehicle prior to a brief light
pulse at CT 15. PER2-protein levels were assessed 29 hr
later (in the subsequent circadian cycle). PER2 abundance
in the SCN of vehicle-infused mice was low, in contrast
with the much greater PER2 staining in the dorsomedial
aspect of the SCN of miR-132-antagomir-infused mice
(Figure 7G). Quantitative analyses indicated that pretreat-
ment with miR-132 antagomir prior to a CT 15 light pulse
resulted in a 2-fold enhancement of PER2 levels relative
to vehicle controls (Figure 7G). Our data are consistent
with the observations of Masubuchi et al. (2005) indicating
elevated PER2-protein levels in the SCN ofmPer1/ mice
in the second circadian cycle after prolonged light expo-
sure. It remains to be determined whether the increase
in PER2 immunoreactivity in our experiment is a result of
altered phasing of PER2 (a reflection of the difference in
light-induced behavioral phase shifting between vehicle
and antagomir-infused subjects), alterations in PER2
stability or PER2-protein synthesis.
DISCUSSION
The data presented here reveal miRNAs as key regulators
of the circadian-timing process. miR-219-1 is a clock-
controlled gene that plays a role in regulating the length
of the circadian day, whereas miR-132 is light inducible
and modulates the phase-shifting capacity of light. The
effects of miR-132 culminate at the level of mPer1 tran-
scription and PER2-protein expression. Our data also
reveal that both miR-219 and miR-132 affect cellular excit-
ability, and this, in turn, might regulate both clock period-
icity and clock entrainment. Collectively, our observations
reveal a new and previously unexplored layer of modula-
tion to the circadian clock: inducible translation control
via miRNAs.
Biological oscillators such as the circadian clock (and
the cell-cycle clock) are modeled as interacting positive-
and negative-feedback loops that drive the rhythmic ex-
pression of a few molecular determinants. In the case of
circadian clocks, the molecules in question are CLOCK
and BMAL1, which together activate transcription of Per
and Cry genes. PER and CRY proteins subsequently
work together to inhibit their own transcription. The estab-
lished view is that rhythmic gene transcription is the un-derlying molecular basis for circadian-rhythm generation.
This model has been enriched by a series of findings (de-
scribed below) indicating that a complex, integrated set of
physiological processes act in coordination with the tran-
scription-based oscillator to drive highly precise SCN
pacemaker activity.
In this context, miRNAs represent a route by which the
circadian clock may be regulated. These small noncoding
RNAs, which are impressively numerous and phylogeneti-
callyextensive (thereare currently 364mouse miRNAgenes
listed in the MicroRNA Registry [http://www.microrna.
sanger.ac.uk/sequences/index.shtml]), have been impli-
cated in mRNA turnover of miRNA targets (Lim et al., 2005),
suppression of their protein translation (Lee et al., 1993;
Wightman et al., 1993), and, possibly, methylation of target
genes (Bao et al., 2004). To our knowledge, a role of miR-
NAs in circadian-timing processes has not been demon-
strated until now (this report).
The use of SACO analysis, which permitted an unbiased
and systematic analysis of transcription-factor binding
across an entire mammalian genome, revealed that a sub-
stantial number of CREB-binding targets were noncoding
(S.I., unpublished data). We analyzed one of these CREB
targets, miR-132, for its potential involvement in the circa-
dian clock, on the basis of the rationale that the CREB/
CRE transcriptional pathway plays a pivotal role in cou-
pling light to gene-expression changes that underlie en-
trainment in the SCN (Dziema et al., 2003). Similar to other
CREB-regulated light-responsive immediate early genes
(e.g., Fos, Jun, and the core clock gene mPer1), miR-
132-gene expression in the SCN is tightly regulated by
light, but its induction is phase restricted to the subjective
night. It should be noted that the observed differences in
pre-miR-132 levels are also reflected in the abundance of
mature miRNA, thereby ruling out the possibility that light
has no functional consequence on miR-132 effects. As
with other CREB-regulated genes, infusion of the MEK1/2
inhibitor, U0126, blocked light-inducible miR-132 expres-
sion, indicating that it is mediated by a MAPK-dependent
signaling pathway. Multiple lines of evidence indicate
MAPK signaling as a principal effector of light-induced
clock entrainment (Obrietan et al., 1998; Butcher et al.,
2002). The characteristics determined in this study (i.e.,
regulation by CREB and MAPK, rapid light inducibility,
and phase restriction) raise the possibility that miR-132
contributes to the clock-entrainment mechanism.
Conceivably, miRNAs within the SCN may be regulated
not only by light but also by the molecular clock itself. As
a starting point, we sought to identify potential miRNAs,
within the CREB SACO subset of miRNAs, that are direct
targets of CLOCK- and BMAL1-mediated transcription.
With chromatin immunoprecipitation, the miR-219-1 locus
was enriched in the CLOCK-binding DNA fraction and
identified by a PCR-based approach. The murine miR-
219-1 locus is architecturally analogous to the mPer1
and mPer2 loci, in that its 50 region consists of an E box
motif as well as CRE consensus sites. The presence of
an E box motif and the CLOCK ChIP data stronglyNeuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc. 825
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Similar to other E box-regulated core clock (i.e., per1,
per2, cry1, and cry2) and clock-output (e.g., arginine vaso-
pressin [AVP]) genes, we observed robust induction of
miR-219 expression in CLOCK- and BMAL1-overexpress-
ing cells in vitro. In vivo, miR-219 exhibits a circadian
rhythm of expression in the SCN. Our observation that
miR-219 levels peak in the early to middle subjective
day lends further support for a CLOCK- and BMAL1-
dependent miR-219 transcriptional rhythm: This time
window coincides with maximalmPer1 expression (mRNA
levels peak by midday and decline substantially by CT
12) and precedes the mPer2 peak (middle to late subjec-
tive day) by several hours. Moreover, the trough in miR-
219 expression occurs in the subjective night, a time
when PER/CRY-protein complexes have reached suffi-
cient levels to inhibit CLOCK- and BMAL1-mediated tran-
scription. Interestingly, although miR-219-1 contains CRE
consensus sequences in its promoter and was identified
in the CREB SACO, it is not rapidly upregulated by light.
In this respect, miR-219-1 is analogous to mPer2, which
contains a CRE (in addition to an E box), but its transcrip-
tion is not elicited by CREB-activating stimuli, such as
cAMP (Travnickova-Bendova et al., 2002).
To define a functional role for miR-132 and miR-219 in
the clock, we employed an intraventricular infusion
technique to deliver antagomirs to the SCN. With this
approach, we detected a striking suppression of both
clock-regulated (mir-219) and light-induced (miR-132) ex-
pression. miR-219 knockdown resulted in an increase in
the length (tau) of the circadian-clock period. Thus, period
length increased by 9 min. As noted above, this mean
value underestimates the effects of the knockdown. Along
these lines, tau lengthening is counter to the effects of the
infusion of nontarget antisense, or drug vehicle, where
period shortening was consistently observed. Likewise,
some animals exhibited >23 the mean tau lengthening.
This animal-to-animal variability in the effects of the anta-
gomir may result from variability in the efficacy of the infu-
sion. In some respects, the relative effect of miR-219 anta-
gomir on circadian period versus miR-132 on light-induced
phase shifting is reminiscent of the relative difference
between period and phase responses of the circadian sys-
tem: Light-induced phase shifts are on the order of up to
several hours, whereas changes in period to a single light
pulse are measured in minutes (Comas et al., 2006).
When placed in a broad context, the tau shift resulting
from miR-219 knockdown suggests that rhythmic miR-
219 plays a significant role in determining phase length.
Along these lines, genetic deletion of a number of protein
factors that have proven roles in core clock-timing pro-
cesses or input pathways to the clock, nevertheless, has
a subtle impact on the circadian system. The absence of
core clock proteins mPER1, CRY1, CRY2, and CLOCK
singly does not result in arrhythmicity under constant con-
ditions. Another example is REV-ERBa, a critical regulator
of Bmal transcription, that, in its absence, produces only
modest changes in period length and phase-shifting prop-826 Neuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc.erties but does not alter circadian-rhythm generation (Pre-
itner et al., 2002). In fact, there are only a handful of exam-
ples in which the absence of a single factor (e.g., BMAL1
and mPER2) has a profound impact on the circadian-
timing system. Thus, these findings indicate that the clock
is quite resistant to molecular perturbations; either the
clock loses all capacity to keep time (arrhythmic) or the
clock compensates with typically a modest phenotypic
effect. Thus, placed in the context of these observations,
we conclude that miR-219 has a role in regulating period
length.
Knockdown of miR-132 by antagomir infusion enhanced
the phase-resetting effects of light by nearly 2-fold. The dif-
ference in response may be attributed to (1) the strength of
the inputs to the circadian pacemaker (e.g., strength of the
signaling pathways that are activated by light), (2) circa-
dian-pacemaker amplitude, which determines whether
the same stimulus is more or less effective at phase shifting
the clock, or (3) a combination of both. Although our study
did not address the role of miR-132 in clock-gene rhythms
(point 2), our observation that light-induced mPer1 expres-
sion is affected by miR-132 (discussed later) lends support
to a change in input strength (point 1). In addition, bearing
in mind the fact that light induces expression of miR-132,
one should further note that light suppresses clock respon-
siveness: This is observed as a low-amplitude phase-
response curve (PRC) under an LD cycle versus a high-am-
plitude PRC in DD-adapted animals (Refinetti, 2003). Even
a single 1 hr light pulse in dark-adapted mice has been
shown to reduce the magnitude of phase shifting elicited
by a second light pulse (Refinetti, 2003). This raises the
attractive possibility that the physiological significance of
miR-132 induction by light is to act as a feedback inhibitor
of photic responsiveness.
The target genes that mediate the effects of miR-219 on
clock timing and miR-132 on clock entrainment are un-
known. The challenge of identifying specific genes and
determining how they relate to a complex physiological
process, such as SCN timing, can be appreciated by ex-
amination of the large number of predicted targets. To em-
phasize this point, the miRanda software predicts 114 and
265 targets for miR-219 and miR-132, respectively. Like-
wise, there is often little overlap between targets predicted
by different algorithms (reviewed in Rajewsky [2006]), and
only a limited number of predicted targets have been con-
firmed. In this light, our in vitro identification of SCOP and
RFX4 as miR-219 and miR-132 targets, respectively, is a
first step in this characterization. Thus, rather than exclu-
sively focusing on direct miRNA targets, we turned our at-
tention on three well-characterized (and experimentally
conducive) physiological effectors of clock timing and
entrainment: cellular excitability, clock-gene expression,
and clock protein stability or abundance.
To assess the effects of miRNAs on cellular excitability,
we measured neuronal Ca2+ responses to depolarizing
agents. Our studies were conducted in cortical neurons
in order to circumvent the issue of varied phasing of SCN
cells in vitro (Honma et al., 1998). Our studies indicate that
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microRNAs and the SCN ClockmiR-132 overexpression enhances neuronal excitability,
whereas miR-219 has a modest, but significant, suppres-
sive effect. The literature supports a role of membrane ex-
citability in diverse aspects of clock physiology (McMahon
and Block, 1987; Meredith et al., 2006). In this context, the
effect of miR-219 and miR-132 on neuronal excitability
may, in part, contribute to the behavioral phenotypes
elicited by their in vivo knockdown.
To address the effect of miRNAs on clock-gene expres-
sion, we used complementary in vitro gain-of-function and
in vivo loss-of-function approaches. By using a luciferase-
reporter system in vitro, we demonstrated that CLOCK-
and BMAL1- and depolarization-dependent mPer1
transcription is augmented by miR-219 and miR-132. Con-
versely, in the case of miR-132, antagomir-mediated
knockdown resulted in an attenuation of light-induced
mPer1 expression. Whether the effects of miR-132 on
mPer1 expression are causal to the potentiation in photic
resetting in antagomir-infused animals, or is merely coinci-
dent with the behavioral phenotype, remains to be deter-
mined. However, it is interesting to note that mPer1/
mice exhibit exaggerated phase delays in response to
prolonged light exposure (Masubuchi et al., 2005) and in
general phenocopies the behavior of miR-132-antagomir-
infused mice.
Conclusion
A series of second-generation studies will be required to
identify the specific targets or genetic networks through
which miR-219 and miR-132 influence the timing process.
Collectively, these observations reveal a new class of
clock-regulated genes, and as such, provide a new di-
mension in our understanding of circadian-clock regula-
tion: inducible translation control via miRNAs.
EXPERIMENTAL PROCEDURES
A more detailed description of Experimental Procedures is available in
the Supplemental Data.
Generation of CREB SACO Library
The CREB SACO library was generated as described previously
(Impey et al., 2004).
Chromatin Immunoprecipitation
Chromatin immunoprecipitation of CREB-DNA and CLOCK-DNA
complexes were performed exactly as described (Impey et al.,
2004), with CREB antibody and CLOCK antibody.
Cannulation and Infusion
Third-ventricle cannulations and drug infusions were performed as de-
scribed previously (Butcher et al., 2002). Infusion of antagomirs (Dhar-
macon, Lafayette, CO; 40 mM, 3 ml in saline) was performed at the indi-
cated circadian times. U0126 (Sigma-Aldrich, St. Louis, MO; 10 mM,
3 ml in DMSO), KN-62 (BIOMOL International LP, Plymouth Meeting,
PA; 10 mM, 3 ml in DMSO), or KT-5823 (Calbiochem, San Diego, CA;
1 mM, 3 ml in DMSO) was injected 30 min prior to photic stimulation.
Behavioral Analyses
Behavioral analyses were performed as described previously (Cheng
et al., 2006). Adult mice were singly housed in cages equipped witha running wheel, under a fixed 12 hr:12 hr light-dark (LD) schedule.
They were subsequently released into constant darkness (DD) for
8–13 days. Mice were infused with miR-132 antagomir (50-mCmGA
CCA UGG CUG UAG ACU mGmUmU mA-30chol) or miR-219 antago-
mir (50-mAmGA AUU GCG UUU GGA CAmA mUmCmA-30chol) at CT
14 and received a light pulse (15 min, 20 lux) at CT 15. In a separate
experiment, mice were infused with either miR-219 or miR-132 anta-
gomirs at CT 2. Control experiments were performed with mice that
were infused with vehicle or a scrambled antagomir that has no com-
plementarity to any known murine miRNAs. Data for wheel-running
activity were collected and analyzed with VitalView software (MiniMit-
ter Co., Sunriver, OR). Mice were maintained at the animal facility of the
Ohio State University in accordance with institutional guidelines. All
animal handling and experimental procedures were approved by the
Animal Welfare Committee of the Ohio State University.
Cell Culture and Transfection
Cultured cells were transfected by electroporation with the Nucleofec-
tor kit (Amaxa, Ko¨ln, Germany) or Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. For re-
porter studies, cell lysates were prepared after a 6 hr stimulation
with 25 mM KCl and 5 mM forskolin (Sigma-Aldrich) and assayed as de-
scribed (Butcher et al., 2005). For neuronal cell-culture-transfection
studies with the A-CREB construct, cultures were stimulated with
20 mM KCl and 10 mM forskolin 48 hr after transfection. For miRNA-
target-validation experiments, HEK293T cells were transfected with
DsRed:target:miRNA at a ratio of 1:2:6, and cells were processed
24 hr later by immunocytochemistry so that expression of Flag-
RFX-4 or SCOP could be examined. The following antibodies were
used: mouse monoclonal ANTI-FLAG M2 antibody (1:250 dilution,
Sigma-Aldrich); rabbit anti-SCOP (1:100 dilution); and Alexa-Fluor-
488-conjugated goat anti-rabbit or anti-mouse IgG antibody (1:1000
dilution, Molecular Probes, Eugene, OR). For quantitation of target ex-
pression, regions of labeled cells (four per coverslip, four coverslips
per condition) were randomly selected, and the DsRED and SCOP or
Flag-RFX-4 immunofluorescent signals were captured at 203. DsRED
was used for identifying the transfected cells. These cells were digitally
labeled. These labels were then transferred to the SCOP or Flag-RFX-4
fluorescent images, and the mean signal intensity from each cell was
determined. Digital images and data quantification were performed
with Metamorph software (Universal Imaging, West Chester, PA).
Real-Time and Reverse Transcription-PCR
Mice under entrained conditions were dark adapted for 2 days prior to
treatment. For circadian-expression profiling, mice were sacrificed at
defined circadian times under dim red light, and tissues of the SCN
and piriform cortex were dissected and stored at80C until use. Total
RNA was purified with the Trizol Reagent (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s instructions. The sequences of primers
used for real-time and RT-PCR are provided in the Supplemental Ex-
perimental Procedures. Real-time PCR was performed on an Opticon
OP346 (MJ Research) as described previously (Vo et al., 2005).
RT-PCR was performed with the Access RT-PCR System (Promega,
Madison, WI) according to the manufacturer’s instructions.
Ribonuclease Protection Assay
Tissue collection and RNA extraction were performed exactly as
described above. Antisense RPA probes were generated with the
mirVana miRNA Probe Construction Kit (Ambion, Austin, TX) and the
following oligonucleotides: 50-TAA CAG TCT ACA GCC ATG GTC
GTT TTT CCT GTC TC-30 (miR-132); 50-TGA TTG TCC AAA CGC
AAT TCT CCT GTC TC-30(miR-219); and 50-ATC TCG TGT GAT GTC
GGA AGC TAA GCC TGT CTC-30 (5S rRNA). Samples were pooled
and 500 nanograms of total RNA was used with the mirVana
miRNA Detection Kit (Ambion) according to the manufacturer’s
instructions.Neuron 54, 813–829, June 7, 2007 ª2007 Elsevier Inc. 827
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Mice under entrained conditions were dark adapted for 2 days prior to
treatment. For p250GAP expression studies, mice were sacrificed
12 hr after a single light pulse (15 min, 100 lux) at CT 15; a separate co-
hort of mice received an infusion of miR-132 antagomir into the lateral
ventricle 1 hr prior to photic stimulation. For PER2-expression studies,
PER2 immunoreactivity was determined at 3 hr intervals throughout
the circadian cycle; a separate group of mice received lateral ventricle
infusions of miR-132 antagomir 1 hr prior to a CT 15 light pulse (15 min,
100 lux) and was sacrificed 29 hr after light treatment. As negative con-
trols, vehicle-infused subjects and dark control animals that were not
exposed to light were sacrificed at the same circadian time. Tissue
processing, immunohistochemistry, and image analysis were per-
formed as described previously (Butcher et al., 2002). The following
antibodies were used: rabbit anti-p250GAP (1:10,000 dilution), rabbit
anti-mPER2 (1:2500 dilution; Alpha Diagnostic International Inc., San
Antonio, TX), and biotinylated anti-rabbit IgG antibody (1:300, Vector
Laboratories, Burlingame, CA).
In another study, Per1-Venus transgenic mice were infused with
miR-132 antagomir at CT 14 and received a light pulse (100 lux,
15 min) at CT 15. Mice were sacrificed 4 hr later, and the SCN was
probed for Venus expression by immunofluorescent detection. Vehicle-
infused subjects and dark control animals that were not exposed to
light were sacrificed at the same circadian time. The following anti-
bodies were used: rabbit polyclonal anti-GFP (1:2000 dilution, Univer-
sity of Alberta) and Alexa-Fluor-488-conjugated goat anti-rabbit IgG
antibody (1:1000 dilution). Fluorescent images were captured with a
Zeiss (Oberkochen, Germany) 510 Meta confocal microscope (1-mm-
thick optical section).
Fura-2 Calcium Digital Imaging
Single-cell imaging data were collected with Metamorph software
(Universal Imaging, West Chester, PA). Data acquisition was per-
formed every 5 s. Cells were loaded with Fluo-4 (5 mM, Molecular
Probes, Eugene, OR) and maintained in a HEPES-based buffer con-
taining the following: 17 mM NaCl, 25 mM glucose, 10 mM HEPES,
5 mM KCl, 1 mM MgCl2, and 3 mM CaCl2 (pH 7.4). Cells were stimu-
lated with KCl (20 mM), glutamate (20 mM), and NMDA (20 mM). Appli-
cation of NMDA was performed in HEPES medium lacking Mg2+ and
containing glycine (2 mM).
Supplemental Data
Supplemental Data include additional Experimental Procedures and
two figures and can be found with this article online at http://www.
neuron.org/cgi/content/full/54/5/813/DC1/.
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